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The signal transduction adapter protein Disabled-2 (Dab2) is one of the two mammalian orthologs of the Drosophila Disabled.
The brain-specific Disabled-1 (Dab1) functions in positional organization of brain cells during development. Dab2 is widely
distributed and is highly expressed in many epithelial cell types. The dab2 gene was interrupted by in-frame insertion of
-galactosidase (LacZ) in embryonic stem cells and transgenic mice were produced. Dab2 expression was first observed in the
primitive endoderm at E4.5, immediately following implantation. The homozygous Dab2-deficient mutant is embryonic lethal
(earlier than E6.5) due to defective cell positioning and structure formation of the visceral endoderm. In E5.5 dab2 (/)
conceptus, visceral endoderm-like cells are present in the deformed primitive egg cylinder; however, the visceral endoderm cells
are not organized, the cells of the epiblast have not expanded, and the proamniotic cavity fails to form. Disorganization of the
visceral endodermal layer is evident, as cells with positive visceral endoderm markers are scattered throughout the dab2 (/)
conceptus. Only degenerated remains were observed at E6.5 for dab2 (/) embryos, and by E7.5, the defective embryos were
completely reabsorbed. In blastocyst in vitro culture, initially cells with characteristics of endoderm, trophectoderm, and inner
cell mass were observed in the outgrowth of the hatched dab2 (/) blastocysts. However, the dab2 (/) endodermal cells are
much more dispersed and disorganized than those from wild-type blastocysts, the inner cell mass fails to expand, and the
outgrowth degenerates by day 7. Thus, Dab2 is required for visceral endodermal cell organization during early mouse
development. The absence of an organized visceral endoderm in Dab2-deficient conceptus leads to the growth failure of the inner
cell mass. We suggest that Dab2 functions in a signal pathway to regulate endodermal cell organization using endocytosis of
ligands from the blastocoel cavity as a positioning cue. © 2002 Elsevier Science (USA)
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The Disabled proteins are a family of adapters involved in
cellular signaling, oncogenesis, and development. Drosoph-
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Abbreviations used: AFP, alpha fetal protein; ApoE2R, Apolipopro-
tein E2 receptor; BM, basement membrane; BMP, bone morphogen-
esis protein; Dab2, Disabled-2 (protein); DAB2, human Disabled-2
gene; dab2, mouse Disabled-2 gene; DBA, Dolichos biflorus aggluti-
nin; E, embryonic day; EC, embryonic carcinoma; ES cells, embryonicgrowth factor receptor binding protein 2; HNF, hepatocyte nuclear
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component in the Abl pathway in neuronal development
factor; Ihh, Indian hedgehog; ICM, inner cell mass; LDLR, low density
lipoprotein receptor; LIF, leukemia inhibitory factor; LRP, low density
lipoprotein receptor related protein; MAPK (Erk), mitogen-activated
protein kinase (Erk, extracellular-signal regulated kinase); MEK, ki-
nase for MAPK or Erk; PAS staining, periodic acid-Schiff staining; PE,
parietal endoderm; PID/PTB, phosphotyrosine interacting domain or
phosphotyrosine binding domain; Sos, Son-of-Sevenless; RA, retinoic
acid; TdT, terminal dTTP transferase; VE, visceral endoderm; vHNF,stem cells; evx1, even-skipped gene 1; FBS, fetal bovine serum; Grb2, variant hepatocyte nuclear factor; VLDLR, very low density lipopro-
tein receptor.
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FIG. 1. Schematic illustration of dab2 gene targeting strategy and germline transmission of mutant mice. (A) Homologous recombination
of the targeting construct with mouse dab2 locus results in deletion of exons 2 (partial), 3, 4, 5, and 6, that leads to a null mutation. The
promoter-less LacZ gene (Beta-G) is fused in-frame with the first 12 amino acids of Dab2. Thus, -galactosidase activity can be used to
monitor Dab2 promoter activity. The location of the 5, 3, and inside probes, and primers used for PCR genotyping are indicated. The 15
exons of the dab2 gene are indicated by dark (coding region) and light (noncoding region) boxes. (B) Southern blot genotyping of targeted
ES cell clones. Following transfection of the targeting construct, ES cells were selected with G418. Clones were picked and genomic DNA
was prepared for genotyping first by PCR, and the genotypes were further confirmed by Southern blotting with a diagnostic BamHI
digestion. The result of hybridization with the 3 probe is shown, with a 20-kb fragment from the wild-type allele and a 9-kb fragment from
the correct homologous recombinant allele. Wild-type DNA (w) was used as control. Two clones (*) were used for injection of blastocysts
to produce chimeric transgenic mice. (C) Southern blot genotyping using DNA from mouse tails. F1 mice were produced by mating chimeric
transgenic mice (with high agouti coat color) with C57BL/6 mice (black coat color). Tail DNA was screened for the transgene as described
for ES cell clones. DNA from wild-type mice and the targeted ES cells was used as control. (D) PCR for genotyping of E3.5 blastocysts from
dab2 (/) matings. A representative PCR result is shown for genotyping of template DNA from each single blastocyst flushed out from
uteri of an E3.5 pregnant dab2 (/) female that had been mated with a dab2 (/) male to distinguish dab2 (/), (/) mutant, and
wild-type (WT) genotypes. Both wild-type (850 bp) and targeted (1100 bp) alleles were simultaneously amplified in a single PCR tube.
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(Hoffmann, 1991). Neither Abl nor Dab deficiency has any
drastic effect on fly development; however, a null mutation
of one plus hemizygous deficiency of the other gene is
embryonic lethal due to defective neuronal development.
Dab1 deficiency is also not embryonic lethal and the
development can be completed in the mutant mice, but the
brain structure is abnormal due to the disorganization of
brain cells (Howell et al., 1997b). Thus, it is thought that
Dab1 functions in brain cell positional organization (Rice
and Curran, 1999).
Mammalian Dab2, a phosphoprotein involved in mito-
genic signaling (Xu et al., 1995) and a putative tumor
suppressor of breast and ovarian cancers (Mok et al., 1998;
Fazili et al., 1999; He et al., 2001), has been investigated for
its role in primitive endoderm differentiation (Smith et al.,
2001a,b). Expression of Dab2 was shown to alter the signal-
ing mechanism of embryonic carcinoma cells upon differ-
entiation into visceral endoderm-like cells. Upon endoderm
differentiation, c-Fos expression is uncoupled from activa-
tion of the Ras/MAPK pathway, and Elk-1 phosphorylation/
FIG. 2. Dab2 expression in early embryogenesis. (A) Dab2 expression in early embryos. Uteri containing E4.5–E7.5 embryos from timed
matings of mice were harvested, fixed, embedded in paraffin, and sectioned. Representative Dab2 immunostainings of E4.5, E5.5, E6.5, and
E7.5 embryos sectioned transversely and sagittally are shown. Note that Dab2 staining is localized in the visceral endoderm (arrow), but
absent in other structures. Magnification of the photo is indicated. (B) Dab2 expression in aggregated ES cells. The ES cells were allowed
to aggregate and differentiate in suspension culture. Cell aggregates were analyzed by immunoblotting for Dab2 expression on days 0, 4,
and 7 of aggregation. p67 and p96 are two spliced forms of Dab2 (Xu et al., 1995; Sheng et al., 2001).
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activation is the affected step (Smith et al., 2001a,b). In a
cell culture model, Dab2 is thought to function in cellular
signaling to achieve organization of the epithelium (Sheng
et al., 2000).
In mammalian development, a fertilized ova divides into
a multicellular blastocyst consisting of pluripotent embry-
onic stem (ES) cells. The earliest two extraembryonic cell
lineages arising from the ES cells (or the inner cell mass) are
the trophectoderm and the primitive endoderm, which will
form the placenta and yolk sac, respectively (Bielinska et
al., 1999; Coucouvanis and Martin, 1995; Hogan and Tilly,
1981; Lu et al., 2001). The presence of these differentiated
cells around E4.0–E4.5 of gestation in the mouse initiates
structure formation in the blastocyst. Upon implantation,
the primitive endoderm rapidly expands and gives rise to
the visceral endoderm and parietal endoderm. The parietal
endoderm cells migrate to cover the inner surface of the
trophoblast layer and are responsible for the production of
the thick, multilayered basement membrane (Reichert’s
membrane) found between parietal endoderm and trophec-
toderm cells. The visceral endoderm cells are organized into
a polarized epithelium at the periphery of the egg cylinder
(Bielinska et al., 1999; Coucouvanis and Martin, 1995;
Hogan and Tilly, 1981; Lu et al., 2001). Although the
extraembryonic visceral endoderm cells are thought to
provide nutritional and hematopoietic roles for the early
conceptus, they also participate in the regulatory activity of
other embryonic developmental processes (Bielinska et al.,
1999; Coucouvanis and Martin, 1995, 1999; Farese and
Herz, 1998).
Genetic knockout mouse studies have uncovered several
genes encoding transcription factors, such as GATA-4 (Sou-
dais et al., 1995), GATA-6 (Koutsourakis et al., 1999;
Morrisey et al., 1998), HNF-4 (Chen et al., 1994), vHNF-1
(Barbacci et al., 1999; Coffinier et al., 1999), and evx1
(Spyropoulos and Capecchi, 1994), that are expressed in
visceral endoderm and are required for cell differentiation
and/or formation of the endoderm. Homozygous knockout
of these genes is lethal at E5.5–E6.5. These transcription
factor genes induce effector genes that engage in cellular
metabolism, signaling, and structural formation and func-
tions of the endodermal layer. The nontranscription factor
genes known specifically to function in endoderm cell
differentiation include laminin (Smyth et al., 1999), AFP
(Dziadek, 1978), BMP (Coucouvanis and Martin, 1999),
apolipoprotein B (Farese et al., 1995; Herz and Farese, 1999;
Huang et al., 1995; Terasawa et al., 1999), Ihh (Maye et al.,
2000), Grb2 (Cheng et al., 1998), LRP (Herz et al.,
1992,1993), and megalin (Gueth-Hallonet et al., 1994; Will-
now et al., 1996). Studies of these genes have provided
insight into the differentiation and functional mechanism
by which the structural formation of the endoderm is
achieved. As shown in one study (Morrisey et al., 1998),
GATA-6-deficient embryos fail to develop beyond E6.5 due
to the failure of proper formation of the visceral endoderm.
In comparing differentiated wild-type and GATA-6 (/)
ES cells, several genes specifically controlled by GATA-6
have been uncovered, including transcription factors
GATA-4, ETS-1, and HNF-4, and nontranscription factor
genes including Disabled-2 (Dab2), collagen IV, osteonectin,
AFP, and apolipoprotein B (Morrisey et al., 2000).
The visceral endoderm is organized by a layer of base-
ment membrane and is an epithelium. The visceral
endoderm cells are polarized with a brush border (mi-
crovilli) apical surface facing the yolk sac cavity and are
actively engaged in endocytosis (Hogan and Tilly, 1981).
The process of cavitation is used to create a hollow tube
structure in the inner cell mass; this process is regulated by
the visceral endoderm (Coucouvanis and Martin, 1995,
1999). One of the cellular effects of Dab2 expression during
endodermal differentiation of F9, a stem cell-like embry-
onic teratocarcinoma cell line (Hogan et al., 1981; Sherman
and Miller, 1978), is the alteration in the regulation of the
Ras/MAPK signaling pathway (Smith et al., 2001a,b). The
Ras/MAPK pathway is involved in the induction of primi-
tive endoderm differentiation of F9 cells (Verheijen et al.,
1999), and suppression of the pathway promotes embryonic
stem cell self-renewal (Burdon et al., 1999).
Here, we found that Dab2 homozygous gene knockout in
mice is early embryonic lethal, and we have investigated
the role of Dab2 in the formation of the visceral endoderm.
MATERIALS AND METHODS
Construction of Disabled-2 homologous recombination target-
ing vector. Using the mouse Dab2 cDNA as a probe, three clones
of mouse genomic DNA containing the dab2 gene were isolated
from a 129/Sv mouse strain genomic DNA lambda phage Zap
(Stratagene) library (from Dr. G. MacGregor, Emory University).
Additionally, using the mouse Dab2 cDNA as a probe, two BAC
clones (F986 and F987) were isolated (Genome Science, Inc.). The
DNAs from the BAC clones were analyzed by Southern blotting
using mouse Dab2 cDNA, cDNA fragments, and oligonucleotides
as probes. The genomic DNA was cloned and sequenced, the
chromosome location of dab2 was mapped to mouse chromosome
15A2 (a syntex site of human 5p12, where the human DAB2 is
located) by FISH analysis, and the dab2 gene structure including 15
exons was identified and reported (Sheng et al., 2001).
A 1.1-kb DNA fragment consisting of parts of intron 1 and exon
1 was used as the 5 arm in the targeting construct. A promoter-less
-galactosidase cDNA (LacZ) was fused in-frame with exon 2
encoding the first 12 amino acids of Dab2. A mini neo-resistance
gene was also inserted between the two targeting arms. The 3 arm
consists of genomic DNA including exons 7–11. We predicted that
the targeting would result in disruption of the dab2 gene by
deletion of exons 2–6 and by altering the reading frame of the rest
of the exons (which share a codon between exons). The dab2
promoter thus controls -galactosidase activity, which acts as a
tracer for Dab2 expression in heterozygous animals. Southern and
PCR protocols to identify homologous recombinant clones were
also established (Fig. 1).
Targeting in embryonic stem cells by homologous recombina-
tion and production of transgenic mice. Following transfection
of the SalI/NotI-linearized targeting construct into TL-1 (from
Trish Labosky and Brigid Hogan) ES cells derived from 129/Sv
mouse (agouti coat color), clones were selected by G418. Clones of
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the selected ES cells were analyzed for karyotypes, morphology,
and growth rate, and the targeted ES cells with normal character-
istics were used for injection into blastocysts from C57BL/6 strain
mice (black coat color) and implanted into pseudo-pregnant fe-
males to generate chimeric mice. Mice with 90% or more agouti
coat color were selected for further mating with C57BL/6 mice.
DNA from tail tissues of mice born with agouti coat color was
screened for the transgene first by PCR and further confirmed by
Southern blotting.
Genotype analysis. DNA was extracted from the ES cells,
mouse tails, and part or all of the embryos. Three primers (Fig. 1A)
were used for PCR analysis. A sense primer in dab2 gene P1
(5-CACATATGAGAGAGAACGGGC-3), two antisense primers,
one in dab2 gene P2 (3-CGGGGCAGCCTGTTGGCCT-5) and
the other in Lac Z gene P3 (3-CCGTGCATCTGCCAGTTTGAG-
5), were used to amplify simultaneously both the wild-type (850
bp) and targeted (1100 bp) allele, respectively. The PCR was set up
by addition of a common master mix of PCR reagent including
primers and enzyme to each PCR tube containing the template
DNA.
Southern blotting was used to confirm the results from PCR
analysis. The DNA (5 g) was digested with BamHI. Two probes, 3
and 5 probes, outside of the targeting construct, and an inside
probe were used.
DNA from each single blastocyst flushed from uteri of E3.5
pregnant females was used as the template in each PCR for
genotyping. Following culturing of blastocysts in vitro, the cells
from each outgrowth were collected with a pipette tip and were
transferred into a PCR tube for genotyping.
In later breeding of mice, -galactosidase staining of a small
section (0.5 mm) of tails was used to genotype dab2 (/) and
(/) mice. We currently use immunostaining (to distinguish /
from / and /) to genotype early embryos.
ES cell culture and aggregation. ES cells were cultured in ES
medium with LIF in 5% CO2 at 37°C on a layer of irradiated mouse
embryonic fibroblasts. For aggregation, the cells were suspended in
ES cell medium without LIF on petri dishes. After 5–10 days of
culture, the aggregated cells in suspension (embryoid bodies) were
harvested by a brief centrifugation for further analysis.
In vitro culture of blastocysts. Blastocysts were flushed out
with a mouth pipette at day 3.5 of pregnancy in M2 medium and
cultured in ES medium without LIF in 5% CO2 at 37°C on
gelatin-coated tissue culture dishes. The morphology observed by
an inverted scope was recorded daily with a digital camera. After
5–7 days of culture, the cells were scraped off and collected into
PCR tubes and genotyped as described.
Histology and histochemistry. Uteri with embryos at different
developmental stages were collected. The tissue samples were
formalin-fixed and paraffin-embedded. Sections (5 m) were cut
and adhered to positively charged slides (Fisher). Routine H&E
staining was applied. Immunohistochemistry using a primary
antibody to Dab2 (Transduction Laboratories, Lexington, KY) di-
luted 1:400 was performed as previously described (Fazili et al.,
1999). For GATA-4 staining, the sections were subjected to antigen
retrieval by steaming for 20 min in citrate buffer (10 mM). Rabbit
polyclonal anti-GATA-4 antibodies (Santa Cruz Biotechnology,
Inc.) were used (1/800 dilution). Anti-megalin and anti-LRP anti-
bodies were generous gifts from several labs. The antibodies were
tested to find optimal staining conditions. For lectin histochemis-
try, HRP-labeled Dolichos biflorus agglutinin (DBA) (Sigma) was
used in the presence or absence of 0.1 M GalNAc following an
existing protocol (Sato and Muramatsu, 1985). PAS staining was
performed according to standard methods. Briefly, after deparaf-
finization and hydration, the sections were stained in PAS solution
(Sigma) for 20 min and then counterstained with hematoxylin. A
range of variations was observed for the morphology and stainings
of the Dab2 mutant embryos. At least 5 uteri from timed matings
for each stage were used for analysis, and around 10 embryos for
each stage and genotype were examined. Several representative
morphologies of mutant embryos were included in each figure to
indicate the range of phenotypes.
BrdU labeling of embryos was performed according to the proto-
col described (Yang et al., 1997). Briefly, pregnant females were
intraperitoneally injected with BrdU (50 mg/kg body weight) in PBS
and sacrificed 1 h after injection. The uteri were removed and
processed by paraffin embedding and sectioned as for standard
immunohistochemistry. Following deparaffinization and rehydra-
tion, the sections were blocked with 3% H2O2 to eliminate
endogenous peroxidase, treated with 2 N HCl for 30 min at 37°C to
denature DNA, digested with pepsin for 30 min at 37°C, incubated
in BSA-containing blocking solution to eliminate the nonspecific
binding, and immunostained with an anti-BrdU monoclonal anti-
body (clone Bu33; Sigma).
The TUNEL reaction to detect incorporation of TdT-mediated
dUTP incorporation into DNA ends was carried out on sectioned
embryos by using the DeadEnd Colorimetric Apoptosis Detection
System (Promega) following manufacturer’s instruction. Briefly,
deparaffinized and rehydrated sections adhered onto glass slides
were digested with proteinase K and postfixed with 4% paraformal-
dehyde in PBS. Incorporation of biotinylated nucleotide catalyzed
by the TdT enzyme was carried out on slides at 37°C for 60 min.
The incorporated biotinylated nucleotides were stained with
streptavidin-conjugated horseradish peroxidase and DAB chromo-
gen. In each staining experiment, known TUNEL-positive samples
(cavitating embryoid bodies) were used as controls.
Peptide binding experiments. Peptides were synthesized by
the Microchemical Facility of Emory University. The peptide (a
total of 10 moles in 0.5 ml, or 20 M) was incubated with 0.1 ml
of the 35S-labeled product of in vitro transcription/translation in the
presence of 1% BSA and 0.02% Tween 20 in TBS (150 mM NaCl,
50 M Tris–HCl, pH 7.5). A mixture of [35S]-Dab2 and [35S]-
luciferase was incubated with the peptide and beads, where [35S]-
luciferase served as an indication of nonspecific binding. Following
incubation at 4°C for 2 h, 50 l of streptavidin-conjugated agarose
beads (with 20 mol excess to that of biotinylated peptide) was added
and incubated for an additional hour. The beads were collected by
a brief centrifugation and washed. Proteins in the bead and super-
natant fractions were separated on SDS gels and subjected to
autoradiography.
RESULTS
Disruption of the Disabled-2 Gene in ES Cells by
LacZ Replacement and Generation of Gene-
Targeted Mice
Homologous recombination was used to target the dab2
gene in ES cells by replacement of exons 2–6 with a
promoter-less -galactosidase cDNA (LacZ) and a mini
neomycin resistance gene (Fig. 1A). In the targeting con-
struct, a promoter-less LacZ cDNA was fused to a 1.1-kb
genomic DNA fragment composed of intron 1 and part of
exon 2, resulting in the in-frame fusion of the first 12 amino
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FIG. 3. Morphology of E5.5 dab2 (/) embryos, compared with dab2 (/, /) littermates. (A) Representative H&E stainings of E4.5,
E5.5, and E6.5 embryos cross- (top) and sagittally (bottom) sectioned are shown. These embryos exhibit normal morphology and were
confirmed to be Dab2-positive (dab2 / or /) by immunostaining. (B) Representative H&E and Dab2 immunostainings of E4.5, E5.5
(3 examples), E6.5, and E7.5 embryos are shown. These embryos have abnormal morphology and were confirmed as Dab2-negative by
immunostaining. Note that in E5.5 dab2 (/) embryos, although sections used for H&E or Dab2 immunostaining are closely adjacent to
each other (within 3 sections apart), the appearance is greatly changed. In morphologically normal, presumably dab2 (/) or (/)
embryos, Dab2 staining is localized in the visceral endoderm, but Dab2 staining is absent in morphologically deformed, presumably dab2
(/) embryos. dab2 (/) conceptus are small and deformed and it is not possible to recognize orientation or structure as in the cases of
wild types. In addition, we were not able to use multiple slides for extensive analysis of the same dab2 (/) conceptus due to limited
quantity of materials obtained.
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acids of Dab2 encoded by exon 2 to -galactosidase. The 3
arm consists of 8 kb of the dab2 genomic DNA including
exons 7–11. We predicted that the targeting would result in
disruption of the dab2 gene by deletion of exons 2–6 and
altering the reading frame of the rest of the exons (which
share a codon between exons). Of 150 transfected and
selected ES clones screened, 12 clones were identified to
contain the homologous recombinant transgene (Fig. 1B).
Two clones (#29 and #31) with normal karyotypes, mor-
phology, and growth rate were used for injection into
blastocysts taken from C57BL/6 strain mice (black coat
color) and implanted into pseudo-pregnant females to gen-
erate chimeric mice. Mice with 90% or more agouti coat
color were selected for further mating with C57BL/6 mice.
DNA from tail tissues of mice born with agouti coat color
was screened for the transgene first by PCR and further
FIG. 4. DBA staining of dab2 (/) embryos. (A) Representative DBA stainings of E4.5 dab2 (/, or /) and (/) implanting
blastocysts are shown. (B) Representative DBA staining of E5.5 embryos sectioned transversely and sagittally are shown. DBA stains the
visceral endoderm cells in the outer layer (arrow) of the wild-type embryos, but in the two examples of dab2 (/) embryos shown, the
DBA-stained cells are disorganized or remain in the interior of the embryos. dab2 genotyping was determined by Dab2 immunostaining of
an adjacent section to distinguish dab2 (/) from dab2 (/) or (/).
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confirmed by Southern blotting (Fig. 1C). Two independent
lines of Dab2-deficient mice, line #2 from ES cell clone #29
and line #7 from ES cell clone #31, were kept for further
analysis. The results from these two lines are identical,
thus no attempt has been made to document the lines of the
mice separately in the results described below.
Disabled-2 Knockout Is Early Embryonic Lethal
in Mice
Heterozygous dab2 mutant mice appear normal, al-
though we have noted a higher incidence of runt mouse
pups born and unexplained deaths in adult dab2-mutant
heterozygous mice. A few females and males are infertile
(in a percentage that has not been determined accurately),
and the success rate of pregnancy for controlled matings
(housed together overnight) is about one-third of wild-type
controls.
Heterozygous mice were mated in an attempt to generate
dab2 (/) mice. In more than 400 tail DNA samples from
progeny of dab2 (/) matings analyzed by Southern blot-
ting and PCR, no homozygous mice were identified (Table
1), indicating that the dab2 homozygous mutant is embry-
onic lethal. We then examined the litters from dab2 het-
erozygous intercrosses at progressively earlier stages. PCR
was used for genotyping of DNA from dissected embryos to
determine the time of lethality of dab2 (/) embryos
(Table 1). We failed to identify homozygous tissue of dab2
(/) embryos from day E10.5 to E19.5.
Nevertheless, E3.5 blastocysts from timed matings of
dab2 (/) mice were found to include the dab2 (/)
genotype (Fig. 1D, Table 1) in an expected distribution
approximating the Mendelian theoretical ratio of 1:2:1 for
Dab2 (/), (/), and (/). Thus, it appears that dab2
mutant homozygous embryos are embryonic lethal at a
stage between E3.5 and E10.5.
Abnormal and reabsorbed embryos were observed in E5.5
and E6.5 from the decidua of timed matings of dab2 (/)
mice (Table 2). Occasionally, a much smaller and abnormal
decidua was observed in E7.5. These mutants were nearly
all in the late stages of resorption. At E7.5, 23% of the
embryos were reabsorbed and 3% of the embryos were
phenotypically abnormal. At E6.5, 11% of the embryos
were undergoing reabsorption and 16% of the embryos were
abnormal. At E5.5, 5% of the embryos were being reab-
sorbed and 19% of the embryos were abnormal. Immuno-
histochemical staining of Dab2 was used for genotyping to
distinguish dab2 (/) from (/) or (/), and confirmed
that the abnormal embryos were dab2 homozygous-
deficient (Table 2, and see below). Thus, dab2 deficiency
results in abnormal embryonic development immediately
following implantation at E5.5, and the defective embryo
does not survive beyond E6.5.
Disabled-2 Expression in the Endoderm of Early
Mouse Embryos
The above results suggested that an early step in mouse
embryonic development is critically dependent on Dab2.
To gain further insight of how Dab2 influences mouse
embryonic development, we examined Dab2 expression at
early developmental stages. Dab2 expression was first de-
tected in E4.5 blastocysts immediately following implanta-
tion and is restricted to visceral and parietal endoderm cells
(Fig. 2A). At E5.5–E6.5, there is a substantial increase in the
cell number of the inner cell mass, and this results in the
formation of the egg cylinder upon cavitation. Embryonic
and extraembryonic ectoderm are well organized and sur-
rounded by visceral endoderm cells with characteristic
cuboidal/columnar morphology, which contain apical vacu-
oles and a microvillous brush border. The expression of
Dab2 is strong throughout the parietal and visceral endoder-
mal layers in both embryonic and extraembryonic portions
TABLE 1
Genotyping of Mouse Tails and Embryos from dab2 (/)
Matings by PCR and Southern Blots
Age Litter size / / /
Reabsorbed
or dead
E3.5 (blastocyst) 7, 11, 8 6 12 8 - - -
E10.5 8 3 5 0 1
E11.5 9 3 6 0 2
E12.5 6 2 4 0 1
E13.5 9 3 6 0 1
E13.5 10 3 7 0 2
E13.5 5 1 4 0 2
E14.5 8 3 5 0 0
E14.5 5 1 4 0 0
E15.5 8 1 7 0 0
E15.5 8 2 6 0 0
E16.5 7 3 4 0 0
E17.5 7 1 6 0 0
E17.5 9 3 6 0 0
E18.5 7 2 5 0 0
E18.5 7 3 6 0 0
E19.5 9 3 6 0 0
Newborn 185 68 117 0 4
TABLE 2
Genotyping of Embryos for Disabled-2 by Immunostaining
Embryo
age
Total
#
Phenotype (Genotype)
Normal (/
or /)
Abnormal
(/) Reabsorbed
E4.5 9 7 (77%) 2 (23%) - - -
E5.5 21 16 (76%) 4 (19%) 1 (5%)
E6.5 19 14 (73%) 3 (16%) 2 (11%)
E7.5 30 22 (73%) 1 (3%) 7 (23%)
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of the primitive egg cylinder at E5.5 and E6.5 (Fig. 2A). At
E7.5, there is a morphological transformation in the visceral
endoderm cells: cells surrounding the extraembryonic half
of the embryo retain the columnar/cuboidal morphology; in
contrast, cells surrounding the embryo proper become squa-
mous in morphology. The endoderm-restricted expression
patterns of Dab2 remain the same in E5.5, E6.5, and E7.5
embryos as shown in both sagittal and cross-sections (Fig.
2A). No Dab2 expression is detected in the ectoderm and
mesoderm structures.
Dab2 is absent in undifferentiated ES cells (Fig. 2B). Upon
differentiation of the ES cells by forming embryoid bodies,
at least two spliced forms of Dab2, p96 and p67, were
detected in aggregated ES cells (Fig. 2B). There are also
unidentified immunoreactive proteins of smaller molecular
weight present in the aggregated cells (not shown).
Endoderm differentiation occurred in the aggregated ES
cells (embryoid bodies) and endoderm layers were observed
(not shown), consistent with results from immunostaining
of embryos that Dab2 expression is induced upon endoderm
differentiation. Thus, the expression pattern of Dab2 in
early embryos is consistent with a role in extraembryonic
endoderm during early embryonic development.
Disabled-2 Deficiency Results in Disorganization
of the Embryonic Cells at the Primitive Egg
Cylinder Stage
Embryos in decidua stained with H&E were analyzed and
classified morphologically as normal (Fig. 3A) and abnormal
(Fig. 3B). In implanted E4.5 embryos from timed matings of
dab2 (/) mice, dab2 (/) embryos with apparently
normal morphology were identified by the absence of Dab2
immunostaining (Fig. 3B). E5.5 embryos with unusual mor-
phology were observed and identified as dab2 (/) geno-
type by the lack of Dab2 immunostaining (Fig. 3B). These
abnormal, dab2 (/) embryos appear disorganized and
small in size (Fig. 3B) compared with Dab2-stained, dab2
(/) or (/) embryos present in the same uterus (Fig. 3A).
There was no indication that amniotic cavitation had
initiated in dab2 (/) embryos.
At E6.5, the phenotypic differences between normal and
abnormal embryos become much more apparent. The nor-
mal embryos are at the advanced egg-cylinder stage. A clear
morphological distinction appears between the embryonic
and extraembryonic ectoderm. The ectoplacental cone re-
gion also becomes invaded by maternal blood (Fig. 3A). In
contrast, 16% of the embryos that were then identified as
dab2 (/) show no embryonic or extraembryonic struc-
ture, and only the ectoplacental cone is recognizable (Fig.
3B).
At E7.5, normal embryos are advanced in gastrulation.
The visceral endoderm forms a columnar/cuboidal epithe-
lium surrounding the extraembryonic half of the embryo
and a flattened squamous epithelium surrounding the em-
bryo proper. A well-defined mesodermal layer had migrated
throughout the embryo between the ectoderm and
endoderm as well as into the extraembryonic portion of the
embryos (Fig. 3A). Approximately 23% of the deciduas are
in late stages of resorption or empty, in which no embry-
onic cells were observed. These are presumably the remains
of the dab2 (/) embryos. Thus, we conclude that the
failure of dab2 (/) embryos at E5.5 is due to the disor-
ganization of the visceral endoderm layer and the inability
of the inner cell mass to expand.
Analysis of Visceral Endoderm Markers in
Disabled-2 Mutant Embryos
We also analyzed the visceral endoderm of the embryos
using lectin histochemistry. Since epithelial surface oligo-
saccharides change during mouse embryogenesis (Hogan
and Newman, 1984), lectins with strict sugar specificity are
especially helpful for detecting differentiation-dependent
alterations. The lectin Dolichos biflorus agglutinin (DBA)
recognizes N-acetylgalactosamine (GalNAc) oligosaccha-
ride present on the visceral endoderm cells and has been
used as a visceral endoderm marker (Sato and Muramatsu,
1985; Soudais et al., 1995). In implanting blastocysts at
E4.5, a layer of primitive endoderm cells are formed, cover-
ing the blastocoel surface of the inner cell mass. These
primitive endoderm cells are stained lightly positive for
DBA (Fig. 4A, arrow), and the cells of the inner cell mass are
not stained. In the dab2 (/) blastocysts, though the
morphology of the blastocysts appears normal, DBA-
positive (presumably primitive endoderm) cells are found
but are not exclusively confined to the surface layer. As
shown in a DBA-stained E4.5 implanting blastocyst (Fig.
4A), DBA-positive cells are also located within the inner
cell mass (Fig. 4A, arrowhead). Thus, the defect of the dab2
(/) blastocysts is likely initiated as early as E4.5, when
the primitive endoderm is forming and Dab2 is first ex-
pressed. At E5.5, the visceral endoderm reacts strongly with
DBA, but the cells of the embryonic ectoderm in the center
have no DBA staining. As shown in Fig. 4B, DBA stains
exclusively the visceral endoderm of normal embryos, in-
dicating the precise organization of the endoderm cells
around the outer layer of the embryos. In contrast, dab2
(/) embryos show DBA staining in cells located in the
center of the embryos, or scattered throughout, indicating
the lack of the endodermal organization (Fig. 4B). In some of
the abnormal embryos, DBA staining is weak or absent,
indicating an incomplete differentiation. These results are
consistent with the role of Dab2 in endodermal cell posi-
tioning and formation of the primitive endoderm structure
in the early embryos.
GATA-4 is another extraembryonic endoderm marker
(Arceci et al., 1993; Morrisey et al., 2000), and its expression
is restricted to visceral and parietal endoderms as shown in
examples of an E5.5 conceptus (Fig. 5). In these immuno-
stainings of wild-type embryos, the nuclei of the character-
istic visceral endoderm cells are positive for GATA-4 (dark
brown staining, arrow), and the cells are arranged as a layer
of polar epithelium with vacuoles apical side facing out. In
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the dab2 (/) embryos, however, GATA-4-positive cells
(dark brown stained nuclei, arrow head) are present but are
disorganized (Fig. 5). There are fewer GATA-4-positive cells
in the abnormal embryo compared with that of wild-type
littermates, although the entire embryonic mass is also
smaller. Again, these results support the role of Dab2 in
visceral endoderm organization.
Proliferative Failure of Embryonic Cells in
Disabled-2 Mutant Conceptus
The inability to expand and subsequent failure of dab2
homozygous mutant embryos may be due to an excess of
apoptosis or a cessation in proliferation of the embryonic
cells. We examined the first possibility by using TUNEL
assay to detect apoptotic cells. In wild-type embryos of
E5.5–E7.5, apoptotic cells are rarely observed (Fig. 6). In six
E5.5 and E6.5 morphologically abnormal dab2 (/) em-
bryos analyzed, a few TUNEL-positive cells can be seen, as
shown by an example (Fig. 6). Nevertheless, most of the
embryonic cells in the dab2 (/) conceptus are nonapop-
totic. It is likely that the defective embryos degenerate over
a time period of a few days, and only a few dying cells with
apoptotic morphology can be observed at each time point.
To examine the effect of dab2 deficiency on the prolif-
eration of embryonic cells in vivo, we analyzed the incor-
poration of injected 5-bromo-2-deoxyuridine (BrdU) as an
indication of DNA synthesis. In wild-type E5.5 embryos,
many cells in either the center (embryonic ectoderm cells)
or the periphery (endoderms and trophectoderm) are
strongly stained for BrdU in the nuclei (Fig. 7). In the same
section, essentially no or few BrdU-positive cells are
present in a dab2 (/) littermate, as shown in an example
(Fig. 7). Yet, many cells in the decidua carrying the defective
embryo are BrdU-positive, indicating that the defective
conceptus is able to stimulate uterine growth at this stage.
Therefore, it appears that the drastically impaired prolifera-
tion is the main reason for the failure of dab2 (/)
embryos at E5.5.
FIG. 5. GATA-4 immunostaining of E5.5 embryos. Representa-
tive GATA-4 immunostainings of E5.5 embryos from timed mat-
ings of dab2 (/) mice are shown. GATA-4 expression is re-
stricted to the visceral endoderm (arrow) and parietal endoderm
cells of the wild-type embryos (sectioned transversely and sagit-
tally), but in the two examples of dab2 (/) embryos shown, the
anti-GATA-4-stained cells (double arrows) are disorganized and
failed to form a continuous outer layer. dab2 genotyping was
determined by Dab2 immunostaining of an adjacent section to
distinguish dab2 (/) from dab2 (/) or (/).
FIG. 6. TUNEL assay to detect apoptotic cells in E5.5 embryos.
E5.5 embryos in uteri from timed-matings of dab2 (/) mice were
harvested for analysis. The sections were analyzed for apoptotic
cells (stained dark brown) as indicated by the presence of DNA ends
due to DNA fragmentation. Both a Dab2 (/, or /) and a
presumed (/) embryo are shown.
36 Yang et al.
© 2002 Elsevier Science (USA). All rights reserved.
FIG. 7. BrdU incorporation to detect proliferating cells in E5.5 embryos. E5.5 embryos in uteri from timed-matings of dab2 (/) mice
were harvested for analysis. The pregnant mice were injected with BrdU 1 h before sacrifice. The sections were analyzed for BrdU
incorporation as an indication of cell proliferation by immunostaining using anti-BrdU antibodies. The nuclei of proliferating cells are
stained dark brown. Both a high and low magnification of a dab2 (/, or /) and a presumed (/) embryo of the same litter are shown.
FIG. 8. Cell morphology of in vitro blastocyst culture. E3.5 blastocysts from timed matings of dab2 (/) mice were flushed from uteri
and cultured for 7 days. (A) Morphology of the cells from outgrowths of the blastocysts were photographed for analysis. (B) At the end of
the culture, the cells from each blastocyst outgrowth were collected for genotyping by PCR. The two blastocysts photographed are indicated
by (*).
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Disabled-2 Is Required for Inner Cell Mass
Expansion in Blastocysts Cultured in Vitro
To further test the cellular growth defect, we analyze the
proliferative capabilities and endoderm differentiation of
wild-type and mutant blastocysts in vitro. Hatched E3.5
blastocysts from dab2 (/) mice intercrosses were har-
vested and cultured for observation of phenotypic changes
(Fig. 8A), and subsequently the cells from the in vitro
outgrowth were collected to identify the genotypes by PCR
(Fig. 8B). Cells of the cultured wild-type E3.5 blastocysts
first flattened into a layer when attaching to the surface of
plates. Subsequently by day 5 and 7 of in vitro culturing, the
primitive endoderm-covered inner cell mass developed into
a spheroid-like cell mass sitting on top of a sheet of
adhering trophoblasts. In the first 3 days, the morphology of
dab2 (/) embryos in culture was indistinguishable from
those of dab2 (/) or (/). After 5–7 days, the normal
blastocysts exhibited an expanded inner cell mass, while
the outgrowth of the dab2 (/) blastocysts differed dras-
tically (Fig. 8A). The inner cell mass of the dab2 (/)
outgrowth was slightly expanded by day 5 of the culture,
but the presumptive primitive endoderm cells were disor-
ganized and dispersed (Fig. 8A). Concomitantly, detach-
ment of cells from the degenerative outgrowth was ob-
served. Ultimately by the end of 7–10 days of in vitro
culture, only a layer of trophectoderm cells was observed
for all dab2 (/) blastocysts. Such a genotype-phenotype
link was observed in about 30 blastocysts harvested from 3
mice. This in vitro analysis is consistent with the findings
from the in vivo study of the proliferative failure in Dab2-
deficient blastocysts.
Function of Disabled-2 in the Megalin Endocytic
Pathway
Dab2 has been shown to be able to bind megalin (Oleini-
kov et al., 2000) and possibly additional LDL receptor
family members (Morris and Cooper, 2001; Trommsdorff et
al., 1998) with its PID/PTB (Phosphotyrosine Interacting
Domain or Phospho-Tyrosine Binding) domain, resembling
Dab1 (Howell et al., 1999). Since PID/PTB domain of Dab1
binds peptides containing an NPXY motif, and the PID/PTB
of Dab2 is highly similar to that of Dab1, we tested the
binding of Dab2 to peptides from candidate receptors. We
observed that Dab2 selectively binds peptides derived from
the NPXY motifs found in the intracellular domains of
megalin (Fig. 9A) and LRP (Fig. 9B). Binding to peptides
derived from sequences of other cell surface receptors is
much weaker than to those of LRP and megalin (Figs. 9A
and 9B, Table 3). The common motif of these two high
affinity Dab2 binding peptides is “NFXNPXYA.”
In wild-type early embryos, megalin is found solely in the
primitive or visceral endoderm cells as indicated by immu-
nostaining with antibodies to megalin (Fig. 9C). Thus,
megalin and Dab2 are co-localized in the same cell type, a
necessity for the physical interaction between the two
proteins. The rim-like megalin staining indicates that this
multiligand cell surface receptor localizes exclusively at the
brush border at the apical cell edge (Fig. 9C), while Dab2 is
distributed throughout the cytoplasm (Fig. 2A). Thus,
megalin and Dab2 may interact in the extraembryonic
endoderm cells, but the majority of cellular Dab2 is located
in the cytoplasm without association with megalin. The
expression of LRP appears very low in the E5.5 conceptus,
and no specific staining pattern can be observed (not
shown).
In dab2 (/) E5.5 embryos, no ring of megalin staining
around the presumed primitive egg cylinder is observed
(Fig. 9C). Although some megalin-positive cells are present,
they localize in the center or are scattered in the conceptus.
Additionally, the megalin staining in the cells appears to be
diffuse and around the entire cell border. Thus, the polarity
of megalin distribution is absent in the presumptive vis-
ceral endoderm cells when Dab2 is lost (Fig. 9C).
DISCUSSION
The role of Disabled-2 in endoderm organization during
embryogenesis. Regulated by GATA-6 (Morrisey et al.,
2000), Dab2 is expressed in the early extraembryonic tis-
sues. In GATA-6-deficient embryos, the differentiation of
endoderm cells is incomplete (Morrisey et al., 1998; Kout-
TABLE 3
Cell Surface Receptor Intracellular Domain Peptide Sequences
Containing NPXY Motifs
Receptor Peptide amino acid sequence Dab2 binding
EGFR S L D N P D Y G G D F 
P-EGFR T A E N A E pY L R V A 
ErbB2 A V E N P E Y L T P Q 
P-ErbB2 T A E N P E PY L G L D 
APP G Y E N P T Y K F F E 
LDLR N F D N P V Y Q K T T 
VLDLR N F D N P V Y L K T T 
LRP2 N F T N P V Y A T L Y 
LRP1 E I G N P T Y K M Y E 
hMeg1 I F E N P M Y S A R D 
hMeg2 N F E N P I Y A Q M E 
Int1a T G E N P I Y K S A V 
P- Int1a T G E N P I pY K S A V 
Int1b T V V N R K Y E G K 
Note. Peptide sequences containing an NPXY motif from the
intracellular domains of cell surface glycoproteins are aligned, and
the binding to Dab2 ( or) is indicated. Note that both of the high
affinity bound peptides LRP2 and hMeg2 contain a unique “A”
following the core “NFXNPXY” (marked in gray). The “A” may be
important for high affinity binding to Dab2, and is being tested
currently. Thus, Dab2 may bind an “NFXNPXYA” containing
peptide. EGFR, epidermal growth factor receptor; P-EGFR, phos-
phorylated EGFR; APP, Amyloid Precursor Protein; hMeg, human
Megalin; Int1a, integrin beta-1 peptide a; pY, phosphotyrosine.
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sourakis et al., 1999) and Dab2 expression is lower or absent
(Morrisey et al., 2000). However, it appears that the dab2
knockout produces a much more severe phenotype than
GATA-6 deficiency. Likely, GATA-4 activity may partially
overlap with that of GATA-6 (Bielinska et al., 1999), and
Dab2 expression is not completely blocked in GATA-6
knockout embryos. In dab2 (/) embryos at E5.5, GATA-
4-positive, or DBA-stained cells are present, indicating that
dab2 deficiency does not, or does not completely, block the
formation of endoderm cells. Rather, the failure of the
GATA-4 or DBA-positive presumably endoderm cells to
form an organized outer layer in the egg cylinder suggests a
role for Dab2 in the positioning and organization of the
endoderm cells. The dab2 (/) conceptus most closely
resembles that of the homeobox gene evx1 (Spyropoulos
and Capecchi, 1994), though no relation between dab2 and
evx1 has been established yet.
The dab2 (/) embryos at E5.5 are much smaller than
wild-type littermates, indicated from the limited sections
obtained from Dab2 mutant embryos. Both in vivo and in
vitro studies indicated that the proliferative ability of Dab2
mutant embryos was severely affected, a likely consequence
of the absence of the visceral endoderm layer. The visceral
endoderm layer does not directly contribute to embryonic
tissues, yet it does have an important regulatory role in the
survival, proliferation, and differentiation of the epiblast (Bie-
linska et al., 1999; Coucouvanis and Martin, 1995,1999).
Dab2 behaves remarkably similar to Dab1 in biochemical
analysis (Howell and Herz, 2001). One triumphant tale of
mouse genetics is the establishment of the reelin/
Disabled-1 pathway in brain cell positioning organization
(Howell and Herz, 2001; Rice and Curran, 1999). Dab1
knockout mice, as well as two lines of spontaneously
derived mutant mice known as “scrambler” and “Yotari”
(which means “drunken fellow” in Japanese), exhibit a
disorganized brain (Howell et al., 1997b; Sheldon et al.,
1997). “Scrambler” and “Yotari” were identified as mutant/
deficient in Dab1 (Sheldon et al., 1997). Normally, specific
types of brain cells form discrete layers in the brain loops,
but in the Dab1 knockout, Scrambler, and Yotari mice,
these cells are mixed and disorganized. The Dab1 mutant
“scrambled” brain phenotype is strikingly similar to that of
“reeler,” another naturally occurring line of mice
(D’Arcangelo et al., 1995; Sheldon et al., 1997). The mu-
tated gene in reeler mice was determined to be Reelin, a
large extracellular matrix glycoprotein (D’Arcangelo et al.,
1995, 1997). Furthermore, the ApoE2R and VLDLR double
knockout mice also exhibit a phenotype of “scrambled”
brain like the Dab1 and reelin mutants (Trommsdorff et al.,
1999). ApoE2R and VLDLR are cell surface receptors iso-
lated because of their similarity to the lipoprotein recep-
tors, and they can serve as receptors for lipoproteins in
vitro. Biochemical evidence now connects these proteins:
Apo E2R and VLDLR bind and take up reelin glycoprotein
via their extracellular domains (Howell and Herz, 2001;
Rice and Curran, 1999); the intracellular domain of the
receptors binds Dab1. The PID/PTB of Dab1 does not
interact with a phosphotyrosine residue but binds an un-
phosphorylated NPXY motif found in the intracellular
domain of the receptors (Howell et al., 1999; Trommsdorff
et al., 1998). The C terminus of Dab1 binds Src and Fyn
(Howell et al., 1997a). Thus, Dab1 functions as an adapter
protein in controlling brain cell positioning organization in
a signaling pathway emanating from an extracellular posi-
tioning cue, the reelin protein, through cell surface glyco-
protein receptors, and resulting in the recruitment of sig-
naling proteins such as Src and Fyn. We have now found
that Dab2 also functions in cell positioning control, in the
context of the structural organization of the visceral
endoderm in early mouse embryogenesis. It is likely that
Dab2 mediates its signaling for cell positioning using simi-
lar biochemical mechanisms as Dab1, in the LDL-Related
Protein signaling pathway. In addition to a role in the LDL
Related Receptor pathway we have proposed here, Dab2
may also participate in the nodal pathway (Morris et al.,
2002) and the TGF  pathway (Hocevar et al., 2001). These
two signal pathways are known to be involved in early
embryonic development and may be defective in dab2
(/) embryos. However, the role of nodal and TGF 
pathways is generally thought to be critical during E6.5–
E7.5 stages, slightly later than the visceral endoderm disor-
ganization we have observed here.
The mechanism of endodermal epithelium cell position-
ing and structure organization. The endodermal cell layer
is one of the first epithelia formed during early embryonic cell
differentiation and development. Cell-basement membrane
contact and cadherin-mediated cell–cell association likely
contribute to the organization of the endodermal structure
(Nose and Takeichi, 1986). An additional hallmark of visceral
endoderm cells is their polarity. The cells exhibit a microvil-
lous apical surface that is actively involved in absorptive
endocytosis (Hogan and Newman, 1984). The brush border
apical surface is stained with PAS for cell surface glycopro-
teins, including the low density lipoprotein receptor-related
protein (LRP) and megalin (also known as LRP2). LRP and
megalin are multiligand endocytic receptors that are function-
ally important in both early and later stages of embryonic
development (Herz and Farese, 1999; Herz et al., 1992, 1993;
Willnow et al., 1996). Like Dab2, the LRP and megalin
proteins are expressed in the endodermal cells (Gueth-
Hallonet et al., 1994; Herz et al., 1992, 1993; Kounnas et al.,
1994). In the early conceptus, multiple proteins including
lipoprotein particles found in the blastocoelic cavity are li-
gands for LRP and megalin receptors (Farese et al., 1995;
Huang et al., 1995). Dab2 has been shown to bind megalin
(Oleinikov et al., 2000) and possibly additional LDL receptor
family members (Morris and Cooper, 2001; Trommsdorff et
al., 1998). We have shown here that megalin is likely the main
receptor of the LRP family member that interacts with Dab2
in the early embryos. Based on the signaling pathway proposed
for Dab1 (Rice and Curran, 1999; Willnow et al., 1999), an
analogous signal pathway involving Dab2 can be proposed to
determine the cell positioning and structure organization of
the endoderm layer (Fig. 10A).
39Role of Dab2 in Endoderm Cell Positioning
© 2002 Elsevier Science (USA). All rights reserved.
It is also realized that the ligands found in the blasto-
coelic cavity that are encountered and taken up by the
endodermal cells may serve as cues for the positioning of
the endoderm cells. Thus, we propose that one of the
endocytic functions of cell surface receptors such as LRP
and megalin present on the apical side of the visceral
endoderm cells is to determine the positioning of the cells.
The signal is mediated by Dab2, which is associated with
the cytoplasmic tails of the receptors (Fig. 10A). The ligands
in the blastocoelic cavity provide the cue for the apical
orientation of the endoderm cells through endocytic activ-
ity. As a result, endoderm cells are polarized, oriented
outward, and positioned in the outermost layer of the
embryos. With additional cues from cell–cell adhesion and
basement membrane contact, a visceral endodermal struc-
ture forms in the outer layer of the embryo (Fig. 10B).
Subsequently, the endoderm may provide survival, growth,
and differentiation signals to the inner cell mass (Coucou-
vanis and Martin, 1995, 1999) (Fig. 10B). The absence of
Dab2 in the homozygous mutant egg cylinder abolishes the
ability of the visceral endoderm cells to sense the apical
side and leads to disorganization of the embryos (Fig. 10B).
The failure of the visceral endoderm formation subse-
quently leads to the deformation of the embryos. Homozy-
gous deletion of LRP or megalin in mice also causes
developmental defects (Herz et al., 1992, 1993; Willnow et
al., 1996). A likely explanation is that because of the
redundant functions and the overlapping expression pat-
terns, the developmental defects in LRP- or megalin-
deficient mice are delayed and not as striking as that found
in the Dab2 deficiency.
In the absence of Dab2 in the early egg cylinder stages,
putative endoderm cells are no longer positioned in the
outer layer of the embryonic cell mass, and megalin is also
no longer localized in the apical rim in a polarized fashion.
One possibility is that Dab2-mediated cell positioning
through megalin and its polar distribution leads to surface
positioning of the visceral endoderm cells; the other possi-
bility is that Dab2-mediated peripheral positioning leads to
formation of polarity in megalin distribution. Our current
model favors the first possibility that megalin participates
in cell positioning. Dab2 is involved in the regulation of
c-Fos expression during endoderm differentiation of F9
embryonic carcinoma cells (Smith et al., 2001a,b). Whether
Dab2 suppresses c-Fos expression, and its possible involve-
FIG. 9. Association of Dab2 with megalin. Binding of Dab2 to
NPXY peptides of LRP and Megalin: Peptides (11 amino acids) with
sequences from cell surface glycoproteins (Table 3) were synthe-
sized and conjugated to biotin. The peptides were incubated with
35S-labeled Dab2 and [35S]-luciferase (Luc.) proteins, which were
synthesized by in vitro transcription/translation. The labeled lucif-
erase was used as an indicator of nonspecific binding. The peptides
were precipitated with streptavidin-conjugated agarose beads. The
bound protein from beads and unbound proteins from supernatant
(Sup.) were visualized by autoradiography following separation on
SDS/polyacrylamide gels. (A) Experiment comparing the Dab2
binding of two megalin NPXY peptides, and control with no
peptide. (B) Experiment using additional peptides with the NPXY
motif, including peptides from LRP. (C) Immunostaining of mega-
lin in E5.5 embryos of a dab2 (/ or /) and a presumed (/)
embryo.
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ment in cell positioning, are interesting questions under
investigation.
Disabled-2 functions in epithelial cell positioning in
adult tissues. Dab2 is expressed widely in adult tissues
and the level is high in epithelial cells, including those on
the surfaces of ovaries (Fazili et al., 1999). It is an appealing
speculation that Dab2 also functions in the positioning
control of epithelial cells in adult tissues (Sheng et al.,
2000), by responding to cues from extracellular ligands
present in the fluid covering the epithelium. Indeed, Dab2
expression is lost in the majority (about 85%) of ovarian
tumors (Fazili et al., 1999). Derived from ovarian surface
epithelial cells that are normally organized as a single cell
layer covering the organ, the tumor cells lose polarity and
either disseminate into the peritoneal cavity as ascites or
invade the ovarian stroma. Such a loss of cell organization
FIG. 10. Dab2 signaling pathway in primitive endoderm cell positioning organization. (A) Dab2 is hypothesized to function in a pathway
for primitive endoderm cell positioning organization, similar to that of Dab1. Extracellular ligands act as positioning cues and bind to cell
surface receptors LRP and Megalin, which subsequently bind Dab2. Ligand-induced endocytic trafficking of Dab2 and associated signaling
complexes that bind to the cytoplasmic domains of the receptors may alter cellular signaling, such as the inhibition of Elk-1 activation and
c-Fos expression, and ultimately lead to endoderm cell organization. (B) Function of the Dab2 signaling pathway: (1) Through the cell
surface glycoprotein receptors (LRP, Megalin, or others), the primitive or visceral endoderm cells receive cues from their extracellular
environment such as the lipoprotein ligands in the blastocoelic cavity. The signal mediated by Dab2 regulates primitive or visceral
endodermal cell polarity and positioning organization. (2) The endoderm regulates the survival, proliferation, and differentiation of the
inner cell mass. Deficiency of Dab2 results in loss of a positioning signal for the endoderm and subsequently leads to the deformation of
the dab2 (/) embryos. BM, basement membrane; ICM, inner cell mass (light blue); VE, visceral endoderm (orange); PE, parietal endoderm
(green); TE, trophectoderm (light blue).
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is the hallmark of the malignancy. Furthermore, the loss of
Dab2 expression closely correlates with the change of
epithelial morphology to disorganized/dysplastic, and can
be observed in continuous epithelium bordering both mor-
phologically normal and malignant cells (Yang et al., 2002).
Thus, we speculate that while Dab2 functions in the
positioning organization of the epithelial-like primitive
endoderm cells in early embryos, in the adult Dab2 func-
tions in epithelial cell positioning organization, and a loss
of Dab2 may contribute to disorganized proliferation found
in tumor lesions. Strategies using conditional knockouts
may bypass the requirement of dab2 gene in early embry-
onic development, and may enable the investigation of
Dab2 function in adult tissues and the contribution of its
loss to tumorigenicity.
Endnote. Following the completion of our phenotypic
analysis of Dab2 knockout mice, another paper on Dab2
knockout mice was recently published (Morris et al., 2002).
Although embryonic lethal, the dab2 (/) embryos re-
ported by Morris et al. significantly differed in phenotype
found by us in the current report. We concluded that the
Dab2 (/) embryos lack a visceral endoderm layer, fail to
undergo amniotic cavitation, and do not exist beyond E6.5.
In contrast, Dab2 knockout embryos reported by Morris et
al. have a morphologically normal visceral endoderm, un-
dergo amniotic cavitation, and the abnormal embryos were
observed up to E9. Additionally, we identified the cause of
lethality due to the lack of organization of the visceral
endoderm cells; the other report did not specify the visceral
endoderm defect. The disparity between the two knockouts
may have originated from the differences in the nature of
Dab2 gene mutations: our knockout produces 12 amino
acids of Dab2 fused with LacZ; the mutant mice reported by
Morris et al. are deleted of Dab2 exon 3 (that was flanked by
loxp sites), a 140-bp (coding for 46 amino acids and 2/3 of a
codon) fragment. Due to potential spliced variants and the
use of multiple translation starting sites (Dab2 has smaller
protein isoforms with unknown cDNA structure), it may be
possible that some forms of proteins are produced with
some residual Dab2 activity in mutant mice reported by
Morris et al.
Another possibility is that the Dab2 knockouts we con-
structed exhibit dominant-negative activity due to the
presence of aberrant Dab2 protein species. To examine the
possibility of additional Dab2-fusion protein(s) produced,
we have analyzed the differentiated Dab2 (/) ES cells
(embryoid bodies) by Western blots using three antibodies:
antibodies against the N terminus (from Transduction Lab),
antibodies against the middle part of Dab2 (M15), and
antibodies against the C-terminal part of Dab2 (TMD). No
other unique Dab2-immunorelated protein was found in
the differentiated Dab2 (/) and not in wild-type ES cells.
Thus, it is unlikely that the Dab2 mutant allele described in
this report has dominant-negative activity. Further com-
parison may reveal the disparity between these two Dab2
knockouts.
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